Relativistic density functional calculations were applied to study the separation behaviors of the Am(III) ion from the Eu(III) ion by diglycolamide (DGA) and nitrilotriacetamide (NTA) ligands in order to understand the difference in the separation mechanism of their reagents. The complexation reaction was modeled on the basis of previous experimental studies. The calculated energies based on stabilization by complex formation at the ZORA-B2PLYP/SARC level predicted that the DGA reagent preferably coordinated to the Eu(III) ion when compared with the Am(III) ion. In contrast, the NTA reagent selectively coordinated to the Am(III) ion when compared with the Eu(III) ion. These results reproduced the experimental selectivity of DGA and NTA ligands toward Eu(III) and Am(III) ions. Mulliken's population analyses implied that the difference in the contribution of the bonding property between the f-orbital of Am and donor atoms determined the comparative stability of Eu and Am complexes.
Introduction
High-level radioactive waste (HLLW) is generated during the reprocessing of spent nuclear fuel and contains minor actinide (MA = Np, Am, Cm) ions. The partitioning and transmutation (P & T) technology, which involves the transmutation of MA nuclides to short-lived or non-radioactive nuclides following the selective partitioning of MA ions, was developed over several decades because of the radiotoxicity of MA nuclides ( possessing long-lived radioactivity and α-active nuclides).
1
A crucial difficulty in achieving MA partitioning involves the separation between MA ions and lanthanide (Ln) ions in HLLW. This is because Ln ions are also contained in HLLW as fission products and show similar chemical properties to MA ions, such as the oxidation state, ionic radii, and geometries of metal complexes in aqueous solution.
2 Hence, it is desirable to develop separation techniques and to investigate the separation mechanism of MA from Ln. N,N,N′,N′-Tetraalkyl diglycolamide (TRDGA) 3 and N,N,N′,N′, N,″N″-hexaalkyl nitrilotriacetamide (HRNTA) 4 reagents were investigated as candidates for the separation between MA and Ln ions by using the solvent extraction method (Fig. 1) .
Specifically, the hexaoctyl-NTA (HONTA) ligand displays selectivity for MA ions over Ln ions, D Am /D Eu = 52.6, ‡ because a nitrogen atom as a soft-donor seems to have the suitable donor ability to the Am ion. 4 Conversely, tetraoctyl-DGA (TODGA) exhibits reverse selectivity for an Am/Eu system, D Am /D Eu = 0.113, ‡ when compared with that of the HONTA system.
3
Although understanding the difference in the separation mechanisms of MA from Ln between the TRDGA and HRNTA ligands is desired for the molecular design of the extraction ligands with higher selectivity toward MA ions, this difference has not been investigated in previous studies. Density functional theory (DFT) calculation is a powerful tool to understand the electronic state of f-block compounds.
There are many previous studies focusing on the chemical stability and bonding properties of f-block complexes using DFT calculation. 5 Recently, increasing research attention has focused on the separation between MA and Ln ions using DFT calculation 6 and extant studies indicate that the stabilization of metal ions by complexation in aqueous solutions is required to reproduce the experimental separation behaviors. Additionally, a previous study suggested that the difference in the bonding contribution of valence f-electrons was related to the selectivity of Am from Eu. 8 The aim of this study involved applying DFT calculation to study the separation behavior of Am from Eu using TRDGA and HRNTA extraction ligands and interpreting the separation mechanism from the bonding viewpoint. In this study, the modeling of the molecular structures and the complexation reaction for Am/Eu ions with TRDGA and HRNTA ligands was demonstrated in accordance with the methods proposed by extant research. The correlation between the bonding properties and the separation behavior of Am/Eu with TRDGA and HRNTA ligands was discussed by means of Mulliken's population analyses after validating the reproducibility of the experimental selectivity for Am/Eu ions. The separation mechanism for these systems involved the construction of the fundamental chemistry for the separation of f-block ions as well as their application in the P & T process.
Computational details
Solvent extraction studies revealed the molecular composition of the extraction complexes using DGA and NTA ligands. In the case of the DGA system, three equivalents of DGA ligands coordinated to one MA III The computational models for the complexation scheme involved the stabilization reaction toward a nona-hydrated The Gibbs energy difference (ΔG) for the complexation reaction was obtained as the energy difference in the sum of the Gibbs energy values between the reactants and products in eqn (3). The Gibbs energy was divided into total energy (E  tot ) and a thermal Gibbs correction term (G corr ) shown in eqn (4).
The G corr term includes a thermal correction for enthalpy (H corr ) and an entropy term (S), as shown in eqn (5). The H corr and S terms include the contributions from vibration, rotation, and translation, as shown in eqn (6) and (7). k B and T denote the Boltzmann constant and the temperature, respectively.
The selectivity of DGA or NTA ligands toward Am/Eu ions was evaluated by comparing the ΔG values between the Am and Eu systems.
All relativistic DFT calculations were performed using the ORCA ver. 3.0.0 program 12 with a zero-order regular approximation (ZORA). 13 The scalar relativistic effect was considered by a spin-free ZORA Hamiltonian using Wüllen's procedure, 14 to which a Breit-Pauli spin-orbit coupling formalism was perturbatively added. Segmented all-electron relativistically contracted (SARC) basis sets for ZORA were assigned to all the atoms. 15 § A spin-unrestricted Kohn-Sham equation was employed for open-shell system compounds. Geometry optimization steps were calculated using the quasi-Newton method at the BP86 level any geometrical constraints, given that the pure density functional with all-electron basis sets reproduced the experimental molecular geometries for the f-block compounds. 5b Single-point energies were calculated at the B2PLYP functional with the TZVP basis set for O, N, C, and H atoms since the B2PLYP functional exhibited a good performance with respect to the experimental separation behaviors 8 and bonding properties for f-block complexes. 16 The spin multi- anti-clockwise (A) systems, revealed that the configuration of eight oxygen atoms had a distorted square antiprism structure. The coordination environments for C and A systems were almost identical except for the twisting direction of the amide group. Table 1 shows the metal-ligand lengths of the DGA and NTA complexes. The M-O(CO) bond distances were consistent when the metal-ligand lengths of the DGA complexes, obtained in the calculation and the experiment, were compared. This bond length was in agreement with an experimental result (2.40(1) Å) in solution using EXAFS. 21 Although the calculated M-O(ether) lengths were longer than the experimental values by ca. 0.12 Å, this was not considered as important in the context of this study because the calculated structure maintained the molecular symmetry of the experimental X-ray geometry. Additionally, the previous computational report estimated the bond lengths between the Eu ion and ether oxygens of TODGA as 2.56-2.65 Å, which was consistent with the calculated bond lengths. 
Energy analysis
In the analysis, ΔΔG was defined in terms of eqn (8) . Hence, a negative ΔΔG implied that the Eu complex was more stable than the Am complex when compared with their corresponding hydrated complexes, while a positive ΔΔG suggested that the Am complex was more stable. the case of the DGA system. As indicated by the previous calculations using dithiophosphinic acid, N,N,N′,N′-tetrakis(2-pyridylmethyl)-ethylenediamine, and phosphinic acid as ligands, the B2PLYP method reproduced the experimental separation behavior of the Am ions from Eu ions by DGA and NTA ligands when compared to those of the BP86 and B3LYP methods. 8 It was considered that the selectivity between the Am and Eu ions depended on the exact exchange admixture included in each functional because the bonding contribution of the f-electron was influenced by the evaluation of exchange interactions between the electrons. The results also indicated that the mixing ratio of 53% in the B2PLYP functional was suitable for describing the separation behavior of Am from Eu when compared to the mixing ratios of 0% in the BP86 functional and 20% in the B3LYP functional. Table 4 shows the spin population values (ρ spin ) of the metal atom for the DGA and NTA complexes obtained using Mulliken's method. We also show the results of Löwdin's spin population 23 for the comparison with Mulliken's method because Mulliken's procedure depends on employing basis sets. The electron-electron interaction between the metal and ligands grows stronger with increase in the difference between ρ spin and 6.0. The ρ spin values obtained via the BP86 method were quite large, especially for Eu complexes, when compared with those of the other methods. This indicated that the BP86 method overestimated the covalent interaction between the Eu atom and the TMDGA and the HMNTA ligands, leading to the wrong evaluation of the selectivity of NTA between the Eu and Am ions, as shown in Table 3 . A comparison of the ρ spin values via the B2PLYP method showed that the ρ spin value of the Am complex increased from the DGA to the NTA system by 0.017 electrons for Mulliken's method and 0.013 electrons for Löwdin's method. In contrast, the ρ spin value of the Eu complex increased from the DGA to the NTA system by ca. 0.010 electrons. This implied that the slight difference in the ρ spin values for both Mulliken's and Löwdin's methods influenced the bonding property in the DGA and the NTA complexes. Table 5 shows the bond order values between the metal and ligands by Mayer's method 24 and indicates that in the case of the DGA complex, the Eu-O bond is stronger than the Am-O bond, whereas in the case of the NTA complex, the Am-N bond is stronger than the Eu-N bond. It was suggested that the covalency between the metal and ligands correlates with the selectivity in Am/Eu ions by ligands. Recently, there has been an interesting study performing the extraction experiments using the N-pivot tripodal DGA extractant (DGA-TREN), which has an analogous structure to the NTA ligand. 25 The DGA-TREN ligand did not show the selectivity toward the Am ion, because it was predicted that the nitrogen element did not work as a donor atom using the EXAFS experiment and DFT calculation. 25 This indicated that in order to gain the selectivity toward the Am ion, the N-donor needs to coordinate to a metal ion as the NTA ligand. Mulliken's bond overlap population, which shows the strength and the sign of the bond overlap between basis functions, was calculated.
Population analysis
19 Recently, this analysis was employed in computational studies involving the separation of MA ions; moreover, it provided useful information regarding the bonding properties of f-block compounds. 8, 26 The bond overlap population of the ith MO, termed OP i , can be described in terms of eqn (9) as follows:
where c μ and c ν denote the MO coefficients toward basis functions χ μ and χ ν , respectively, and S μν denotes the overlap integral between χ μ and χ ν . In order to discuss the bonding property between the f-orbital of the metal atom and donor atoms, μ was defined as belonging to a set of f-type basis functions in a metal atom and ν was defined as belonging to the set of all basis functions in the donor atoms. Fig. 3 shows the partial densities of states (PDOS) of the f-orbital in the metal atom and OP in the valence region, which was described as a Gaussian line convoluted with a half-width of 0.5 eV for By focusing on the OP curve in the region where PDOS was distributed, it was observed that the contribution of the positive OP was indicated for Eu complexes in both the DGA and NTA systems. Conversely, a large negative OP was found for Am complexes. This indicated that the 4f-orbital of the Eu atom contributed to a weak bonding interaction, whereas the 5f-orbital of the Am atom participated in a strong anti-bonding interaction. When the 5f-orbital contributions of the Am atom between the DGA and NTA complexes were compared, it was revealed that the anti-bonding contribution of the NTA complex was weakened by the comparatively positive contribution of the overlap with the NTA ligand when compared to those present in the DGA system. Based on the MO analyses in Fig. 3 , the orbital diagram of f-type MOs is split into bonding type and anti-bonding type MOs as shown in Fig. 4 . By comparing the proportion of the f-orbital contribution in the metal atom, it was observed that the bonding contribution of the NTA complex was higher than that of the DGA complex for both Eu and Am systems. The sum of normalized OP, which was regarded as the OP between the f-orbital of the metal atom and donor atoms of a DGA/NTA ligand, was calculated and shown in parentheses (Fig. 4) . The change in the absolute values of the OP sum between the DGA and NTA complexes was small in the case of the Eu system and large in the case of the Am system. This indicated that the small bond overlapping in the Eu-DGA/NTA bond does not influence the ρ spin as shown in Table 4 , on the other hand, the large bond overlapping in the Am-DGA/NTA bond offers a significant effect to the spin population. Focusing on the covalency in Am complexes, in the case of the DGA system the accumulation of electrons in molecular orbitals with large anti-bonding overlapping weakens the Am-DGA bond. As a result, the Eu-DGA complex had the larger Mayer bond order. Whereas in the Am-NTA system due to the electron occupation in MOs with more bonding-type overlapping compared to the Am-DGA system, the Am-N bond was stronger than the Eu-N bond. It was suggested that this different behavior in the metal-ligand covalent interaction might be attributed to the chemical stability of these complexes. It is necessary to carefully investigate the correlation between the stability of each complex and the covalency of f-orbital electrons in future studies. However, it is expected that the difference in the bond overlapping of the f-orbital in the metal atom with donor 
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